
1 The Intermediate STAR TrakerThe Intermediate Silion Traker (IST) onsists of a barrel of approximately 0.4m
2 of silion padsensors at a radius of 14 m. The sensors are supported by 24 arbon �ber ladders, whih are tiledfor maximum hermitiity. Figure 1 shows a SolidWorks model of the IST. Table 1 gives the mostrelevant spei�ations. Radius 14 mLength 50 mNumber of ladders 24Number of hybrids 72Number of sensors 144Number of readout hips 864Number of hannels 110592R-φ resolution 172 µmZ resolution 1811 µmTable 1: Spei�ations for the IST.Together with the Silion Strip Detetor(SSD) the IST provides the intermediate spae pointsthat ties the traking in the Time Projetor Chamber (TPC) and the traking in the 2 PIXELlayers together. The best �gure-of-merit for the total Heavy Flavor Traker traking apabilitiesis the �nal D0 reonstrution e�ieny. Determining this e�ieny involves extensive GEANTsimulations and analysis. However, for the IST and the SSD, it is su�ient to optimize these layersfor a high HFT+TPC single trak reonstrution e�ieny. How IST and SSD work together withPIXEL and TPC to reonstrut single traks is a major ingredient for the �nal D0 reonstrutione�ieny. However, the atual D0 reonstrution is the sole task of the 2 PIXEL layers. To optimizethe HFT single trak e�ieny a fast simulation ode was used to determine the optimum radiusof the IST barrel and the internal geometry of the silion pad sensors. Setion 1.1 disussed thesehoies in detail.The IST has to be fast enough to work together with other, sometimes already existing, STARdetetors. It should also be able to funtion propery still after being irradiated during its projetedlifetime. Setion 1.2 desribes, amongst others, the onstraints on the IST by the experimentalrequirements and the subsequent hardware hoies.Setion 1.3 gives an overview of the hosen hardware omponents. This setion fousses on theomponents whih are loates on the IST barrel. The readout and slow ontrols are desribed insetion 1.4.Sine the IST is part of an aurate traking devie its internal and external spatial alignmentare disussed separately in setion 1.5.1.1 IST Optimized GeometryThe Intermediate Silion Traker is loated between the outer layer of the PXL detetor and theSSD. Taking mehanial onstraints into aount a possible radius range is from 12 to 20 m. Thisradius has to be optimized for reonstrution e�ieny while keeping the SSD and IST redundanyin mind. The IST barrel will over the full aeptane of the STAR TPC, i.e. 2π overage for -1 <

η < +1.At the highest RHIC energy of 200 GeV for Au+Au ollisions the harged partile density at aradius of 12 m an easily exeed one per m2. The silion sensors need to be divided into padssuh that the oupany of the individual pads do not exeed a few perent. The oupany is fully
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determined by the number of ative elements and an be reahed by di�erent sensor geometries.What has to be taken into aount is the double-hit probability within the searh area on the ISTsensors resulting from the pointing resolution of the TPC and SSD. Figure 2 shows the oupanyof a sensor with 768 ative elements and the fration of hits that are aompanied by one or morehits in the searh area. In the ase of a silion strip detetor the searh area is de�ned by the widthof the searh area and the length of the strips. At the proposed radius of 14 m more than 10%of the traks would result in ambiguous IST hits. For the proposed silion pad sensors this dropsto about 1%. The number of ative elements is determined by the density, with whih the readouthips an be paked on the hybrids.

Figure 1: Oupany [blue urve℄ and double-hit fration for a silion strip detetor[green urve℄ and a silion pad sensor [red urve℄.Silion pad sensors are well suited to the RHIC environment and proved their suitability in thePHOBOS experiment. Figure 3 shows a study of the single trak �nding e�ieny of the HFT as afuntion of the pad layout of the IST sensors. The better resolution (the size of the pads on the y-axis) is in R-φ, the bending plane. From these studies it was determined that 768 hannels arrangedin strips of roughly 600 µm x 6000 µm provide an e�ieny of about 83%. Going to more hannelsould give a slightly better e�ieny but would lead to spae problems when trying to mount morereadout hips on the hybrids. The right plot shows the e�ieny when hits from the SSD are notinluded in the traking. In this ase the single trak �nding e�ieny dereases to 73%. This hasto be ompared to 50% if the IST would not be there and only the TPC would provide traking tothe PXL. Thus, the IST adds in an essential way to the e�ieny and redundany of the HFT.
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Figure 2: Single trak �nding e�ieny for di�erent R-φ and Z pad sizes of theIST. The solid line shows an iso-line for 768 readout hannels. The left panel showsthe e�ieny when hits from the SSD are inluded. In the right panel the SSD hitsare not inluded in the trak. Partiles traked are kaons at 750 MeV/.The e�ieny of the whole inner traking system is determined by an intriate interplay of thedetetor layer radii, resolutions and thiknesses. Sine these harateristis are mostly �xed for PXLand SSD, varying the radius of the IST barrel for a ertain internal sensor geometry makes it possibleto optimize the radius with respet to the single trak e�ieny quikly. Figure 4 shows a alulationof the single-trak e�ieny as a funtion of the IST barrel radius. Although the dependene israther weak it is lear that 14 m will give the best e�ieny. This an be understood from thefat that IST is loated roughly halfway between the outer layer of the PXL and the SSD.

Figure 3: Single-trak e�ieny as a funtion of the IST barrel radius. The assumedinternal sensor geometry was 600 µm in R-φ and 6000 µm in Z.1.2 Experimental RequirementsThe most relevant experimental onstraints are data taking rate apabilities, radiation levels andthe material budget. The data rate and radiation levels are onstrained by the RHIC environmentand have to be taken into aount in the sensor and readout hip hoie. The material budgetis onneted to the traking apabilities of the inner traking system, but has also a large impat
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on the apabilities of more outward loated detetors and their assoiated physis programs. Therequirement to design a low mass IST with su�ient mehanial rigidity has led to the hoie ofstate-of-the-art materials.

Figure 4: SolidWorks model of the IST.The IST should be able to operate without signi�ant event pile-up for 200 GeV Au+Au ollisions.Therefore, the IST has to be able to resolve interations from eah beam bunh rossing whih areourring every 107 ns. The spin program at RHIC relies on individual beam bunh rossings toset and determine the relative spin orientations in the proton beams. Also here the IST has to beable to resolve individual beam bunhes.The intrinsi resolution of the IST is required to provide su�ient pointing auray for the PXLlayers. This is more ritial in R-φ ompared to the Z diretion. A resolution at the level of 200
µm in the R-φ plane will provide the needed pointing auray as disussed earlier.Extrapolating the radiation doses reeived by the RHIC experiments during the past RHICoperations, it is expeted that the total radiation dose for the IST barrel will not exeed 30 kRadper year. Both the silion sensors and the readout hips on the hybrids are required to be fullyoperational after 10 years of operation.The mass requirements for the IST are de�ned by the heavy ion physis requirements in themid-rapidity region and by the W−boson spin physis program for more forward rapidities. Tomake the multiple Coulomb sattering omparable to the detetor resolution the thikness of theIST layer has to be less than or equal to 1.5% of a radiation length.Readout ChipsThe APV25-S1 hip was hosen for reading out the IST sensors beause it met the requirementsand is readily available. This readout hip was developed for the CMS silion traker, whih is usingabout 75,000 of these hips. The radiation hard prodution proess of the APV25-S1 will enable towithstand at least 2 orders of magnitude more in radiation load ompared to what is expeted to beaumulated during the lifetime of the IST. The hip is fast enough to handle the RHIC interationlok, even with multiple interations during p+p running. Moreover, the hip is already used
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suessfully for reading out the COMPASS triple-GEM detetors and will also be used to read outthe STAR Forward GEM Traker (FGT).Hybrids and LaddersTo meet the requirement of the IST to have on average a thikness of less than 1.5% X0, speialattention has to be paid to the hoie of materials for the hybrids, ables and ladders. For theables Kapton with opper ondutors was hosen. Although aluminum ondutors would makethe ables even lighter, they also would make them more di�ult to produe and muh more fragile.The radiation length requirement makes it not desirable to use a erami substrate, like AlN, forthe hybrid. A 500 µm thik AlN substrate would already ontribute 0.6% X0 while being extremelyfragile. A 250 µm thik G10 substrate would only add 0.13% X0, but still the Kapton able wouldhave to be onneted to this hybrid. Manufaturing the hybrid and able out of one piee of Kaptonirumvents onnetion problems and was hosen as the most elegant solution. Sine the 50 µmthik Kapton is not self-supporting a proper supporting material is required. Using 250 µm thikarbon �ber leads to a thikness of 0.11% X0 while providing the required mehanial rigidity.A honeyomb arbon �ber struture with arbon �ber skins was hosen for the IST ladders.These use the same onstrution tehniques and failities as used for the ATLAS silion trakerupgrade and add about 0.4% X0 to the IST layer, inluding liquid ooling. Copying the ATLASdesign in the same faility greatly redues the engineering e�ort and ost of the ladders. Also, sinethe IST ladders are only half the length (50 m) of the ATLAS ladders, the design is onservativewith respet to strength and gravitational sag.CoolingThe expeted heat dissipation for the IST is 11 W per ladder, 264 W for the whole system.Although an air ooling system probably will be able to ool the IST, it is felt that a liquid oolingsystem will be able to perform this funtion in a more onsistent way. A liquid ooling system willadd at most 0.2% X0 to the system.Readout SystemThe Forward GEM Traker is also using APV25-S1 readout hips. This system will be opera-tional 2 years before the IST. In order to redue the eletroni engineering e�ort and to unify asmany STAR readout systems as possible, the IST will use as muh as possible of the FGT readoutsystem. An e�ort is being made to design the FGT readout system suh that it an be used alsofor the IST with as few alterations as possible.1.3 IST Components1.3.1 The Silion Pad SensorsThe manufaturing tehniques for silion sensors are well established and are mastered by severalmanufaturers. The preferene is to produe single sided devies with p-implants on n-bulk silionusing poly-silion resistors. Suh sensors are relatively easy to produe with high yield and analso be handled without muh di�ulty in a standard semiondutor lab. In ontrast, double-sideddevies have a lower yield (thus more expensive) and need speial equipment to handle them.Figure 5 shows the internal layout of the IST silion pad sensors. The ative elements arearranged in suh a way that the best resolution is in the bending diretion, i.e. R-φ. Along thebeam diretion, the resolution will be ten times larger. The sensors will be roughly 7.7 m x 4 mwith 768 hannels. All hannels are AC oupled and onneted through a seond metal layer tobonding pads on one long edge of the sensor. From the manufaturing point of view this designis reasonably standard. Preliminary disussions with Hamamatsu showed that they are able toprodue suh sensors within the proposed budget.Hamamatsu is the preferred vendor beause of their exellent trak reord with respet to thequality of their produed sensors. This will greatly redue the amount of quality ontrol that hasto be performed for these sensors. It will be su�ient to fully measure the harateristis of oneor two samples per produed bath of about 20 sensors. Moreover, Hamamatsu uses design rules,
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whih make their sensors radiation hard. Therefore, we foresee no performane degradation duringthe expeted IST lifetime. [Warning: Image ignored℄Figure 5: The silion pad sensor internal layout.1.3.2 The Readout ChipsAbout 100k hannels will be read out in the IST. Readout hips with the neessary requirementsfor this system are already being used for similar purposes by other experiments. We hose theAPV25-S1 readout hip.1 Eah hannel of the APV25-S1 hip onsists of a harge sensitive ampli�erand shaper whose output signal is periodially sampled at up to 40 MHz (the LHC interation rate).The samples are stored in a 4 µs deep analog pipeline. Following a trigger, the data in the pipelinean be proessed by an analog iruit, mainly de-onvoluting the ampli�er response from the atualsignal and assoiating the signal with a spei� bunh rossing. The resulting analog data an thenbe multiplexed and sent to digitizer boards. Although the analog data lead to higher data volumesat the front-end, it is an advantage that harge-sharing between strips and ommon mode noise anbe studied in detail, whih greatly improves the understanding and performane of the detetor.The equivalent noise harge (ENC) of the APV25-S1 depends on the apaitane of the strips andthe de-onvolution algorithm used. For our purposes, the noise is better than 2000 eletrons. With300 µm thik silion sensors this will give a signal-to-noise ratio of better than 11:1 based on the mostprobable energy deposition by a minimum ionizing partile (MIP). The nominal power onsumptionof the APV25-S1 hip is 2.39 mW per hannel, i.e. about 0.3 W per hip. The hips have beenfabriated in a radiation hard deep sub-miron (0.25 µm) proess.1.3.3 Hybrids and ModulesThe layout of an IST module an be seen in Figure 6. The hybrid arries 2 sensors and 12 readouthips. There will be a gap of 400 µm between the sensors. Overlapping the sensors would lead toompliations in the assembly proess. These aeptane gaps will be ompensated beause of theredundany between SSD and IST. An interesting feature, whih is not visible in this piture, is thatthe able will be folded over to the bakside of the ladder on whih this module will be mounted. Inthis way the ables do not obsure visual aess to the modules, whih is needed for spatial surveypurposes and inspetion.

1 M.J. Frenh et al., Nul. Instrum. Meth. A466, 359 (2001).
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Figure 6: Layout of an IST module.To keep the material budget low the IST hybrids and modules have to be onstruted from lowmass materials. Figure 7 shows a promising prototype Kapton hybrid design with an integratedlong Kapton able. Both hybrid and able are about 70 µm thik. The hybrid will have to belaminated onto a proper substrate material to ahieve enough mehanial rigidity. Carbon-arbonand arbon �ber are being prototyped to study their mehanial and thermal properties. In the�nal design the �exible able will be long enough to be onneted to more standard ables outsidethe ative area.For this prototype four PHOBOS Inner Vertex sensors were used beause there were no ISTprototype sensors produed yet and beause the PHOBOS sensors are very lose to the sensors usedin the IST. The PHOBOS sensors are silion pad sensors with 512 ative elements per sensor, theelements are AC oupled to the 2nd metal signal traes that onnet to the bonding pads. TheKapton hybrid was laminated to a 500 µm thik arbon-arbon substrate. Power, ontrol andreadout onnetions were wire bonded to the hybrid. As a �rst test only ¼ of the sensor elementswere wire bonded to the readout hips. First tests show that the hips are funtional and that thesensors are being read out as expeted.

Figure 7: IST prototype with 4 PHOBOS IV sensors and 16 APV25-S1 readout hips.1.3.4 Mehanial Support StrutureThe IST barrel will onsist of 24 ladders, whih are mounted on a arbon �ber support ylinder.This Middle Support Cylinder (MSC) is desribed in Setion Error: Referene soure not found.
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Figure 8: Long IST prototype ladder made out of arbon �ber honeyomb andarbon �ber skins. This prototype has one ooling hannel.This ladder is a shorter version of the staves under development for the ATLAS traking upgrade.Beause they are shorter they are even more rigid than the ATLAS staves and it is expeted thattheir midpoint sag will be less than 100 µm when only end supports are used. A prototype ladderhas been produed, as shown in Figure 8, and is being tested.A more detailed ross-setion of the ladder and mounted modules an be found in Figure 9.This design shows the 300 µm thik silion sensor, the 300 µm thik APV25-S1 readout hip, the100 µm thik Kapton hybrid-able, the 500 µm thik arbon-arbon substrate and the 5 mm thikarbon �ber ladder with ooling tube. It also shows niely how the Kapton hybrid folds over to thebakside of the ladder where it is routed out to the readout system. The arbon-arbon substratenot only gives mehanial rigidity to the module, but also ats as a heat sink to transport heat fromthe readout hips to the ooling tube in the ladder.

Figure 9: Cross-setion of the ladder and modules. The Kapton hybrid shown ingreen is folded over to the bak side.
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Figure 10: Ladder 'lip' mounting of the IST ladders onto the supporting ylinder(ISC).It is expeted that the ladder mounting sheme will follow the ATLAS upgrade design e�orts.Figure 10 shows a shemati impression of the ATLAS mounting sheme. Here the ladders aremounted with lips on the MSC. Beause of the shorter length of the IST ladders it is su�ient touse endpoint supports only. One end of the ladder would be kept �xed while the other end allowsthermal expansion. A lamshell interfae is required on whih the ladders are mounted �rst. Thislamshell an then be optially surveyed to determine the sensor positions before it is being mountedon the ISC.A prototype of this lip-on design has been prepared, as shown in Figure 11, and is urrentlyunder investigation.

Figure 11: Rapid prototype of the IST ladder mounting struture.The mehanial support struture will be manufatured with an overall auray of 100 µm.Loally, the struture supporting the IST requires an auray of less than 100 µm. For instane,the mounting surfaes of the sensor modules will have to be �at to within 50 µm to avoid stress onthe sensors.
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Figure 12: Phi averaged material budget for the IST as a funtion of rapidity.Figure 12 provides a realisti estimate of the IST material budget by desribing ladder and moduledesigns in a GEANT geometry. These results were obtained by propagating 100,000 geantino eventsthrough the IST geometry using GEANT 3.21/08. The material budget at mid-rapidity is well belowthe required 1.5% X0. The MSC and support lips where not inluded in this alulation. TheKapton readout ables only running in the negative rapidity diretion auses the asymmetry in thematerial budget.1.3.5 CoolingThe only soure of dissipation on the ladders is the 36 APV25-S1 readout hips. Although thenominal power onsumption is about 300 mW per hip, the �nal power onsumption depends onthe apaitane of the attahed sensor hannels and onsequently the optimal settings of the hipparameters. For safety margin a maximum dissipation of 400 mW per hip is assumed. This leadsto a dissipation of about 15 watt per ladder, 360 watt for the whole IST barrel. Trying to ool thiswith air only was onsidered too daunting and liquid ooling hannels were inorporated in the ladderdesign. The power dissipation of 15 Watts per ladder leads to about 0.6 mW per mm2 dissipationif the heat would spread out isotropially. The plaement of the ooling tube diretly under thereadout hips and the use of high thermal ondutive material like arbon foam will make the oolingof the ladders manageable with a room temperature ooling system. Calulations making use ofFloWorks and SolidWorks are underway to determine the optimal ooling on�guration. Figure 13shows a simulation for a Freon ooled IST ladder inorporating a �attened ooling tube. In thispiture the olor oded temperature is displayed, showing that the APV25-S1 readout hips heat upto about 89° F (32° C). Most of the ladder remains at about 25°C.[Warning: Image ignored℄Figure 13: FloWorks simulation of a liquid ooled IST ladder.1.4 Readout System, DAQ Interfaing and Slow ControlsTwo ustomized Wiener VME readout rates will house the 36 readout boards (ARM) and 6 rateontroller boards (ARC). The boards are of standard 6U x 220 mm size; the rate interonnetsthese boards with standard 7-slot passive CPCI bakplanes and provides integrated low noise 5 Vpower supplies. The rate will be mounted on the south eletronis platform next to the STARdetetor. Eah ARM handles two detetor ables (24 APV hips), providing an ADC, data bu�eringand ontrol of APV hip triggering and readout sequening. The APV hip sample lok is 37.532MHz, phase-loked to the RHIC bunh rossing (9.383 MHz). This stable timing ensures stable
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e�etive gain without the neessity of a timing orretion. The ARM also provides the I2C slowontrols interfae and isolated low-voltage power supplies to the detetor. The ARC interfaes tothe STAR trigger and to STAR DAQ via the ALICE Detetor Data Link (DDL) Soure InterfaeUnits (SIU), the standard for all new STAR DAQ-onneted developments for the DAQ1000, Timeof Flight (TOF), Barrel (BTOW), Forward GEM Traker (FGT) and Endap (ETOW) tower level2 upgrade. The readout system an bu�er up to 4096 events (the maximum number of outstandingevents in STAR) and therefore deouples the IST dead time from the data aquisition system,providing a simple �xed dead time. The dead time depends on operating on�guration but willtypially be 11 µs, with a maximum of 26 µs. A Linux box will be loated in the STAR DAQroom and �tted with the ALICE DDL reeiver boards and a Myrinet interfae to the event builderomputer. A shemati detailing these onnetions is shown in Figure 14.The slow ontrols system will serve as the primary means for ontrolling and monitoring theworking parameters of the IST. These parameters, suh as the hybrid temperature, omponenturrents and voltages will be interfaed with the standard STAR alarm system. The alarm systemlogs the parameter history and alerts the shift rew if operating limits are exeeded. The blakdashed lines in Figure 15 show the ommuniation �ow between the slow ontrols omputer and thehardware being ontrolled. The red solid lines represent the atual hardware onnetions, whihallow this ommuniation. The slow ontrols for the IST detetor and readout rates will be handledexlusively by Ethernet tra� to the IST Linux box, through the ALICE DDL link to the readoutrates, and then �nally through the RDOs to the APV's via the loal I2C link. There will be noother hardware needed for slow ontrols. All power supplies will be �tted with an Ethernet ontrolsinterfae.

Figure 14: IST DAQ blok diagram.Although STAR is using EPICS as its standard slow ontrol system there is a slight prefereneto use LabVIEW instead. LabVIEW provides the user with virtually any instrument driver and avery onvenient user interfae. LabVIEW runs on both Windows and Linux. It is relatively simpleto interfae LabVIEW and EPICS. At the moment, both options are still open.
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Figure 15: IST slow ontrols �ow diagram.1.5 Spatial Survey and AlignmentThe IST will have to be aligned with respet to other detetor subsystems of the inner trakingupgrade, PXL and SSD. The �nal alignment will be done with traks through an iterative residualmethod. However, for this method to be suessful it is important that the positions of the ativeelements are known in advane with an auray omparable to the resolution of the detetors. A5-step plan an ahieve this.The positions of the sensors on the module have to be determined. Internally the strutureof the sensors will be known with an auray of about 1 to 2 µm. This information is obtainedthrough the prodution mask drawings of the sensors and aessed through alignment marks on thesensors. The modules will be built on an assembly mahine under ontrol of an operator hekingthe proess under a mirosope. The expeted plaing auray is 5 µm. After the modules havebeen assembled they an be surveyed with an optial survey mahine at MIT. The auray of thismahine is about 10 µm in-plane. An out-of-plane ontrast measurement leads to an auray of50 to 100 µm.The same methods will be used for the ladders. Three modules will be glued to one ladder withan auray of about 5 µm. Then the ladder will be optially surveyed with an in-plane aurayof 10 µm and an out-of-plane auray of 50 to 100 µm. After the ladder is approved it will beshipped to BNL where an additional survey will take plae.At BNL the ladders will be put together in 2 lamshell ylinders that an be measured on aoordinate measuring mahine. After the lamshells have been put together on the ISC to form theIST barrel another survey needs to take plae. Up to this point it should be possible to survey thesilion sensors themselves. The sensors have the highest internal auray (1 to 2 µm) and in theend it is their position, whih should be known with the best auray. However, after the lamshellhas been losed visual aess to the sensors will beome impossible, espeially after the ISC getsintegrated with the rest of the inner traking system. It is important to have survey points on theladders, the lamshell struture and the ISC, whih are visible to the BNL survey group. Thesesurvey points then 'anhor' the IST inside the inner traking system and �nally to the whole STARdetetor.
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